INTRODUCTION
Recent advances in sequence-database-searching algorithms have provided considerable insights into the evolution, structure and function of proteins. Sequence analysis, when undertaken with due regard to statistical significance of similarities, has elicited an increasing realization that a great number of eukaryotic protein sequences contain multiple domains. Homologues of these domains are often seen in non-orthologous gene products and in differing domain arrangements. This enables the prediction of function for one domain when experimental information is available for at least one other homologue.
Many analyses have targeted the identification of domain homologues in intracellular signalling, extracellular matrix and DNA-or RNA-associated proteins (reviewed in [1] ). One evolutionarily conserved set of proteins, however, that has hitherto escaped detailed analysis are molecules, sited in the endoplasmic reticulum (ER), that represent a quality-control system for misfolded or unassembled secretory proteins. The goal of the present study was to address this imbalance by undertaking thorough sequence analyses of proteins known to contribute to ER-associated degradation.
Studies (reviewed in [2, 3] ) have shown that an evolutionarily conserved process of folding quality control exists in eukaryotic cells ' ERs that specifically targets misfolded molecules for proteolytic degradation. This process centres on the translocon. This is the aqueous channel formed in the ER that translocates proteins from the cytoplasm into the ER [4] . Secretory proteins are conducted through the membrane via interactions with translocon protein components, which may vary according to the type of secretory protein involved [5, 6] . In yeast, Sec61p (Sec l secretory) and its two paralogues, Sbh1p (Sbh l Sec61 beta homologue) and Sss1p (Sss l Sec61 suppressor), as well as Sec62p, Sec63p, Sec71p and binding protein (BiP), are required to reconstitute post-translational translocation in protoliposomes [7] . In mammals, a heterotrimer of Sec61p homologues with the translocation-associated membrane protein (' TRAM ') are similarly required for translocation of most proteins.
In recent years it has become apparent that, in addition to its role in importing secretory proteins from the cytoplasm into the ER, the translocon and its associated subunits are responsible for conducting misfolded or unnecessary proteins from the ER to the cytoplasm [3] . This retrograde transport mechanism appears to deliver proteins for ubiquitination and subsequent digestion by the proteasome [2] . Thus the ER membrane is the scene of great industry, with protein synthesis and degradation occurring in the cytoplasm, and protein-folding quality control occurring within the ER lumen.
Aberrant protein folding is associated with the pathogenesis of amyloidoses, such as Alzheimer's and prion diseases [8] . The surfeit of proteins in amyloidoses is in contrast with those diseases associated with protein deficits, such as cystic fibrosis. Mutations in the cystic-fibrosis transmembrane conductance regulator result in misfolded molecules that are targeted for translocation into the cytoplasm, where they are degraded by the proteasome [9] . In yeast, ubiquitination is facilitated by ubiquitin-conjugating (UBC) enzymes Ubc6p and Ubc7p [10] and the scaffolding protein Cue1p (Cue l coupling of ubiquitin conjugation to ER degradation) [11] .
Detailed investigation of the translocon subunits in yeast has facilitated a greater understanding of the corresponding molecules in mammals. However, the identities of the mammalian counterparts (orthologues) of yeast Cue1p, Sec72p, Der3\ Hrd1p (Der l degradation in the ER ; Hrd l 3-hydroxy-3-methylglutaryl-CoA reductase degradation), Der1p, Hrd3p and Sec71p remain unclear. Similarly, many of these proteins lack well-defined domains or motifs, thus hindering the understanding of the roles of these proteins in ER-associated translocation and degradation. Here I describe the use of iterative database searching [12, 13] and other methods to identify key domain structures in translocon subunits and thereby provide predictions of their functions.
EXPERIMENTAL
Position-specific iterative BLAST (PSI-BLAST ; [12] ) sequence searches employed the non-redundant protein sequence database (nrdb) available from the National Center for Biotechnology Information (ftp :\\ncbi.nlm.nih.gov\blast\db). MoST and HMMer2 searches used a database (nrdb90) containing no pairs of sequences that are greater than 90 % identical [14] . PSI-BLAST was the method of choice in analysing protein sequences. The threshold of E(x) (the number of random sequences expected purely by chance to be aligned with scores greater than, or equal to, a value x) was chosen typically at 10 V # or 10 V $. Since database searches can never be guaranteed to generate no falsepositive sequences, alignments were inspected visually in order to ensure conservation of signature motifs that are characteristic of domain families.
Sequences were also subjected to the automatic domain prediction protocol embodied in SMART ( [15] ; http :\\smart. embl-heidelberg.de\). Sequences established as being significantly similar to warrant claims of homology (evolutionary descent from a common ancestor) were multiple aligned and re-compared with databases using the HMMer suite of algorithms (v.1 and v.2 ; S. Eddy, personal communication ; http :\\HMMer. wustl.edu\). This approach was useful in detecting the presence of additional tandem repeats that scored lower than the optimal alignment score.
Significantly similar sequence motifs were detected using MoST [13] with an E-value inclusion threshold of 0n05 and a sequence redundancy identity threshold (I ) of 80%. Pairs of ungapped alignment blocks were compared for establishing the significance of their similarities using LAMA [16] . This method allows estimation of the number of blocks (E &!!! ) in a database of 5000 blocks expected, by chance, to score at least score Z.
In constructing multiple alignments of tandem repeat sequences, the known tertiary structures of homologues were used as guides. Multiple alignments were presented using CHROMA (L. Goodstadt and C. P. Ponting, unpublished work ; http :\\ www.lg.ndirect.co.uk\chroma\index.htm) and default options. Secondary-structure predictions are those of PHD [17] .
RESULTS
A combination of iterative-profile, Hidden-Markov-model and motif (ungapped-alignment-block) analyses was applied to the sequences of yeast proteins known to be involved in ERassociated degradation. No additional insights into evolution, structure or function were obtained for proteins such as Der1p, Sec61p, Sbh1p, Sss1p and Sec71p. Novel observations of homology, however, were obtained for the following five proteins.
Sec63p
A gapped BLAST [12] search of protein sequence databases with the sequence of human Sec63p [18] (amino acid residues 210-760) revealed significant similarity (E 10 V )) with yeast Brr2p-like helicases (Brr2 l bad response to refrigeration 2). Further investigation using PSI-BLAST and HMMer2 revealed that many of these helicases contain pairs of tandem repeats of a domain found singly in Sec63p (Figures 1 and 2 ).
Sec72p
Querying the SMART database [15] with the yeast Sec72p sequence reveals a single tetratricopeptide repeat (TPR) (E l 4n8i10 V $). A subsequent PSI-BLAST search with Sec72p was consistent with this proposal, as it revealed significant similarity (E l 9i10 V )) with three TPRs within rat heat-shock protein (Hsp) 70\Hsp90 organizing protein (Hop). Detailed comparison of the Sec72p sequence with a Hidden Markov model constructed from a TPR multiple alignment resulted in delineation of three TPRs in yeast Sec72p ( Figure 3) . A BLASTP search of databases with the N-terminal 536 amino acids revealed similarity (E l 5i10 V $) to a region of mouse p58 [19] that contains five TPRs.
Cue1p
A search of sequence databases with yeast Cue1p (amino acids 21-203) using PSI-BLAST [12] and an E-value inclusion threshold of 10 V # revealed significant similarity to yeast YML101c, Schizosaccharomyces pombe Cue1p (SPCC4G3n13c), metazoan ancient ubiquitous protein 1 (AUP1) orthologues and metazoan autocrine-motility-factor receptor (AMFR) orthologues within four iterations ; these sequences represent group I CUE domains ( Figure 4 ).
Group II CUE domains were identified similarly using mouse Tollip (amino acids 152-274) as a PSI-BLAST query ; this identified a Caenorhabditis elegans orthologue and Fugu rubripes (pufferfish) BAW (where BAW l between AKAP84 and WSB1 genes) as homologues within 1 iteration. Group II CUE domains were supplemented with three further members [C. elegans F25H2n1, yeast Vps9p (Vps l vacuolar protein sorting mutants) and yeast YKL090w] by querying databases using a 26-aminoacid alignment block and MoST [13] (parameters : E 0n05 and I 80 %).
Groups I and II CUE domains were found to be significantly similar when compared using local alignment of multiple alignments (LAMA) [16] 
. Group III CUE domains were found in fungal, plant and metazoan orthologues of yeast YGL110c, whereas Group IV CUE domains were found in yeast YDR273w and YOR042w (and fungal orthologues). Comparison of Group III and IV CUE domain alignment blocks with a single multiple alignment of Groups I and II CUE domain sequences with LAMA produced significant
Hrd3p
PSI-BLAST analysis using yeast Hrd3p as query identified with significance (E 10 V $) TPR-containing sequences, such as those in Arabidopsis thaliana SPINDLY [20] within two rounds. The second round of searching also revealed three significant (E 10 V $) sub-optimal alignments between yeast Hrd3p and mouse suppressor and\or enhancer of lineage-12 (LIN-12) (SEL-1), thereby indicating the presence of multiple repeats. These repeats were analysed using the TPR periodicity as a starting basis. Multiple repeats in Hrd3p and SEL-1 homologues were identified using an iterative approach of multiple alignment and HMM construction, and sequence comparison using an intentionally low bits-score threshold ( 10 bits). Predicted repeats were consistent with PSI-BLAST analysis output.
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Ire1p (Ire l high inositol-requiring)
PSI-BLAST analysis of the ER luminal region of yeast Ire1p (amino acids 1-537) revealed significant similarity (E 0n001) to prokaryotic kinases (for example, Methanobacterium thermoautotrophicum MTH1485) by round 2, and bacterial pyrroloquinoline quinone (PQQ) dehydrogenases (for example, Paracoccus denitrificans XoxF) by round 4. By inspection of the known tertiary structures of PQQ dehydrogenases (for example, that of Pseudomonas aeruginosa ethanol dehydrogenase [21] ) it was apparent that four regions of significant sequence similarity between PQQ dehydrogenases and Ire1p represent the fourstranded β-sheet structures of β-propellers, termed ' blades '.
DISCUSSION
Sec63p and Brr2p-like RNA helicases
Sequence analysis clearly demonstrates that some components of the translocon, such as Sec61p and BiP\KAR2p, are ancient in origin, because their homologues are found in Bacteria and Archaea [22, 23] . Mammalian BiP and its yeast orthologue Kar2p are members of the Hsp70 (DnaK) ATPase family that bind substrates in co-operation with DnaJ domain-containing proteins [24] . Yeast BiP\Kar2p binds a DnaJ domain of Sec63p and mediates the import of polypeptides into the ER lumen [25] and the export of misfolded proteins into the cytoplasm [26] .
The DnaJ domain of Sec63p is known to face the ER lumen [27] . The large cytoplasmic portion of Sec63p has hitherto not been found to be homologous with any other protein. However, sequence searches demonstrated significant similarity of this region of Sec63p to two regions of a family of helicases typified by yeast Brr2p and human U5-200kD [28, 29] . Further analysis demonstrated that these RNA helicases contain two Sec63p-like domains (Figure 1 ) that each lie C-terminal to an ATPase domain ( Figure 2 ). The yeast HFM1 putative helicase was found to contain only one Sec63p-like domain.
The Brr2p N-terminal ATPase domain is essential for in itro RNA unwinding in U4\U6 small ribonucleoprotein particles (snRNPs) [30, 31] . Although the functions of the helicase Sec63p-like domains remain unknown, the likely associations of the translocon and Brr2p with RNA-protein complexes (the ribosome and the spliceosome respectively) might indicate that Sec63p acts as a ribosome receptor. If true, this would be unexpected, since other translocon components have previously been thought to participate in anchoring the ribosome to the ER membrane, but this issue is far from being resolved [32] .
Sec72p and TPRs
Yeast Sec71p\Kar7p and Sec72p represent additional components of a Sec63p-associated complex [33] . Only fungal homologues of Sec71p are evident from database searches with Sec71p. However, database searches (Figure 3 ) reveal the presence of Sequence analysis of translocon subunits
Figure 3 Multiple alignment of TPRs in yeast Sec72p (SC72) and Jem1p, human Hop and mouse p58 (protein kinase inhibitor p58)
The known secondary structure of the TPRs in human Hop [38] is shown beneath the alignment. An additional C-terminal helix seen in the Hop crystal structure (helix C ; [38] ) is also apparent at the C-terminus of yeast Sec72p (not shown). Consensus and secondary-structure symbols are as in Figure 1 . Residue numbers and GenPept identifiers are shown following the alignment. Abbreviation : YEAST, Saccharomyces cerevisiae.
Figure 4 Multiple sequence alignment of CUE domains
Consensus and secondary-structure symbols are as in Figure 1 . Residue numbers and GenPept or cosmid identifiers are shown following the alignment. Abbreviations : ARATH, Arabidopsis thaliana ; CAEEL, Caenorhabditis elegans ; CANAL, Candida albicans ; DROME, Drosophila melanogaster ; FUGU, Fugu rubripes ; LEIMA, Leishmania major ; ORF, open reading frame ; SCHPO, Schizosaccharomyces pombe ; VPS9, vacuolar protein sorting-associated protein 9 ; YEAST, Saccharomyces cerevisiae. CUE domains are sorted into classes (I, II, III and IV), as discussed in the text.
three TPRs in Sec72p. TPRs are repeated structures that are present in most cellular organisms [34] . They adopt superhelical structures that offer an extended surface for protein-protein interactions [35, 36] . The finding of three TPRs in Sec72p is of particular interest, given that Hop, a TPR-containing protein that is sequence-similar to Sec72p, is a co-chaperone that binds heat-shock cognate protein 70 (Hsc70), one of the Hsp70\DnaK family of chaperones that also include BiP and Kar2p. As the Hsc70-binding site in Hop is contained within its three Nterminal TPRs [37, 38] , it is expected that Sec72p binds a Hsp70 protein, possibly Kar2p, in the ER lumen via its three TPRs.
Mutant genes for Sec71p\Kar7p and Kar2p are associated with defects in nuclear fusion (karyogamy). Another such mutant is KAR8\JEM1, whose gene product contains a C-terminal DnaJ domain [39] . Detailed analysis of its sequence reveals that it too contains three TPRs (Figure 3) . Consequently it is predicted that the TPRs in Sec72p and Kar8p\Jem1p serve to localize Hsp70\DnaK ATPase-dependent chaperone activity to Sec63p-associated complexes, thereby allowing the DnaJ domains of Sec63p (and Kar8p\Jem1p) to act as activators of Hsp70\DnaK ATPase activities.
Cue1p, a prototype of a novel domain family
Cue1p is a yeast protein that recruits Ubc7p to an ER membraneassociated complex that also includes Ubc6p [11] . In its absence, misfolded proteins remain un-ubiquitinated and are not translocated from the ER lumen. Thus Cue1p appears to be a scaffolding molecule that assembles Ubc7p and Ubc6p in the proximity of the translocon pore cytoplasmic exit. Although a Cue1p homologue is readily apparent in S. pombe, no metazoan homologue has hitherto been described. However, database searches demonstrate the presence of a novel domain structure (termed a ' CUE ' domain) within the Cue1p sequence that is also present in several eukaryotic cytoplasmic proteins.
One of these CUE domain-containing proteins is AMFR, which is thought to be involved in tumour-cell invasion and metastasis [40] . The downstream function of AMFR upon binding AMF is unknown. However the finding of an AMFR CUE domain C-terminal to a previously recognized RINGfinger domain [41] (Figure 2) suggests that AMFR recruits ubiquitination machinery via these two cytoplasmic domains. Really interesting new gene (RING) -finger domains have recently been recognized as binding UBC enzymes and acting as UBCdependent ubiquitin ligases [42] . The molecular function of CUE domains, as assessed from investigations of Cue1p [11] , remains unknown, but these structures may also involve recruitment of UBC enzymes.
AMFR is a marker for a subdomain of the smooth ER [43] . Although previously stated as being a seven-transmembrane (TM) protein [41] , detailed analysis of the sequences of mammalian and C. elegans AMFR instead predicts five TM segments (results not shown). This number of TM segments and the presence of a RING finger in AMFR are identical with the architecture of the ER retrotranslocon-associated Saccharomyces cere isiae protein Der3p\Hrd1p, whose RING finger is essential for ER-associated degradation [44] . Although AMFR is apparently not the mammalian orthologue of yeast Der3p\Hrd1p [a more closely similar sequence is apparent from a conceptual translation of an expressed sequence tag (' EST '), AA673624], it may nevertheless perform a cellular role similar to that of Der3p\Hrd1p. In addition, given that the domain architecture of metazoan AMFR is conceptually equivalent to a fusion of yeast Der3p\Hrd1p and Cue1p, it is predicted that the latter two proteins interact. This prediction is based on the proposition that pairs of multidomain proteins physically interact if a fused counterpart is found in another genome [45] .
Other CUE domain proteins are not expected to be associated with the ER. Tollip is an interleukin-1 receptor complex protein [46] , fungal Vps9p proteins are guanine nucleotide exchange factors involved in vesicle-mediated vacuolar protein transport, and AUP1 is predicted, from significant similarity to tafazzin-like molecules ( [47] ; C. P. Ponting, unpublished work), to be an acyltransferase. These CUE domain-containing proteins, therefore, may recruit UBC enzymes to different membrane-associated complexes. The possibility that divergent CUE domains possess functions different from that of Cue1p, however, cannot be discounted.
Hrd3p and SEL-1 repeats
Recent studies have shown that yeast Hrd3p is a component of the ER translocon, by virtue of its genetic interactions with Der3p\Hrd1p and Sec61p [48] . The molecular function of Hrd3p remains elusive, although its sequence shows localized similarity to C. elegans SEL-1 [49] , a negative regulator of LIN-12 [50] , over approx. 40 amino acids. Techniques employed for this study reveal, however, that Hrd3p and SEL-1 contain significant similarities throughout their sequences and each contains multiple repeats, the 40-amino-acid sequence being but one of such repeats ( Figure 5 ).
These approaches also determined that these so-called SEL-1 repeats are subtypes of TPRs, such as those in Sec72p and Kar8p\Jem1p (as above). SEL-1 repeats differ from standard TPRs in possessing a variable number of amino acids between the two TPR α-helices ( Figure 5 ). Notwithstanding such differences, it remains possible that the SEL-1 repeats in Hrd3p possess a peptide-binding function similar to that of TPRs in Hop, and those predicted for Sec72p and Kar8p\Jem1p.
SEL-1 repeats have been found in several bacterial proteins [51] . These unusual occurrences are not uniformly distributed among the bacteria and are often most sequence-similar to eukaryotic versions. Thus it is proposed that these bacteria acquired SEL-1-like repeat genes from Eukarya, either directly or indirectly, via one or more horizontal gene-transfer events.
Ire1p and β-propellers
ER-associated degradation is known to be co-ordinated with the unfolded-protein-response pathway [52] . The transmembrane kinase and endoribonuclease Ire1p is a key member of the latter pathway, since deletion of its gene impairs protein degradation [53] . Ire1p spans the ER membrane with its N-terminal portion within the lumen, and with its catalytic kinase and endoribonuclease domains in the cytosol or nucleus. The function and structure of the N-terminal region of Ire1p have remained elusive, although it is thought to impart a sensing function [54] .
PSI-BLAST analysis of the luminal sequence of Ire1p, and homologues such as interferon-inducible double-stranded RNAdependent kinase-like ER kinase (' PERK '), shows that they are significantly similar to PQQ dehydrogenases ( Figure 6 ). These enzymes contain a β-propeller structure containing eight fourstranded β-sheet structures termed ' blades '. Four such blade repeats were identified in yeast Ire1p and its mammalian and invertebrate homologues. Consequently, it is predicted that the Ire1p luminal region contains a β-propeller structure. It is likely that the number of blades in this structure is greater than four and that additional blade-like sequence repeats remain undetected. Sequence analysis of translocon subunits The active-site residues of PQQ dehydrogenases are not conserved in Ire1p homologues, thereby indicating that Ire1p does not fulfil a similar enzymic role. Since Ire1p is thought to sense changes in the concentrations of unfolded proteins or unbound chaperones, it is likely to possess a protein-binding function. It has been noted that β-propellers tend to bind their substrates or ligands at or above the central chamber formed at the junction of the propeller blades [55, 56] . It is likely, therefore, that the Ire1p β-propeller binds protein at a topologically equivalent site.
The seven-bladed β-propeller of prolyl oligopeptidase has been shown to contain a narrow central channel that is thought to exclude large folded molecules [57] . By analogy, the Ire1p β-propeller may also discriminate between folded and unfolded proteins by size exclusion from a central cavity positioned along its β-propeller axis.
Conclusions
The findings of the present study demonstrate that considerable insight into protein evolution, structure and function can be obtained if the full complement of sequence-analysis tools is employed to study functionally related protein sets. These methods have been used to detect two novel domain types : one present in Sec63p and RNA-dependent helicases, and a second in putative UBC-binding proteins. The detection of TPRs in Sec72p and the TPR-like SEL-1 repeats in Hrd3p, as well as the PQQ dehyrogenase-like β-propeller repeats in Ire1p, demonstrates the plurality of functions that homologues can possess.
Notwithstanding the multifunctionality of some homologues, this study generated sufficient evidence to predict, by analogy as well as homology, an Hsp70-binding function for Sec72p and a UBC-binding role for CUE domain-containing proteins. Moreover, it suggested, by analogy to other β-propeller proteins, a size-exclusion mechanism by which Ire1p may preferentially recognize unfolded over folded proteins. Results, however, were unable to suggest possible functions for the domain homologues that were unexpectedly identified in Sec63p and Brr2p. Whatever the successes of homologue detection in this and other sequencebased studies, it is clear that considerable experimental work will be required to investigate such sequence-based testable hypotheses of evolution, function and structure.
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